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ABSTRACT
Weak tensile strength is usually source of web breaks on paper machines and converting
machines. Web break, in general, is due to poor hydrogen bonding between the fibers.
Web break which is ultimately a downtime and a waste can be reduced through
enzymatic approach. In order to increase the tensile strength of the paper, it necessary to
determine the amount and the conditions in which the enzymes yield a better sheet
strength.
A central composite design approach, using dosage, time and temperature as factors, was
used to study the effects of the enzymes on the sheet strength; the pulp used is 100%
recycled bleached kraft. In addition, the effects of the enzymes on the pulp freeness and
the brightness of the sheet were also monitored. The results revealed significant
improvement of the tensile strength (16.1%) and the freeness (3.9%) with no negative
effect on the brightness

xii

CHAPTER I
INTRODUCTION
A paper machine has two main ends that are the wet end and the dry end. Sheet
breaks generally occur in the dry end. And when this happens, the production of the
entire machine stops. It takes time and experienced personnel to rethread the machine.
The downtime due to sheet breaks can cost up to $10 000 per hour [1]. One of the main
reasons of the web breaks is weak tensile strength. Operators, sometimes, can reduce the
speed of the machine or increase the basis weight of the sheet to reduce the frequency of
the web breaks. The speed reduction or the increase of the basis weight which can be
seen as temporary solutions are themselves classified as wastes.
During the papermaking process, the slurry containing the fibers is dewatered and
the wet network of the fibers is pressed and dried. The obtained sheet strength is mainly
controlled by the bonds between individual fibers. Possible bonding mechanisms during
the process are hydrogen bonds, mechanical interlocking, electrostatic interactions, van
der Waals forces and interdiffusion of cellulose molecules [2,3]. Any way to increase
these parameters directly increases the strength of the sheet.
Refining or beating of the pulp is a mechanical treatment to modify the fiber
structure. The process not only breaks the intra-fiber bonding and increases the surface
area of the fiber but also fibrillates, swells and makes the fiber more flexible for better
hydrogen bonding. The action of the refiner ultimately increases the tensile strength;
however, more secondary fines are generated, the drainability is reduced and significant
energy is consumed; in addition, many fibers are shortened, curled and cracked due to the
refiner metallic bars [4,5]. It is no doubt that excessive refining, especially for the
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recycled fiber, does not make the fiber sustainable [6,7]. Using an approach that can
increase the tensile and at the same time conserve the fibers, so they can be reused or
recycled several times, is beneficial for the circular economy.
Enzymes can be used to bring and maintain the sheet tensile within specification
ranges. Enzymes are basically selective biological catalysts made of proteins. In the
pulping industry, enzymes used to improve the pulp and the sheet properties are mainly
produced by various microorganisms such as such as Clostridium, Ruminococcus,
Streptomyces, Cellulomonas, Bacillus, Erwinia, Trichoderma, Penicillium, Fusarium, and
Humicola; a combination of enzymes from different strains can be also used to improve
the pulp and the sheet properties. [8]
In this study, EcoArt Cellulases NS 51059 supplied by EcoArt PE Technologies
Canada Inc. are used to improve the inter-fiber bonding. The enzymes fibrillate the
surface of the fibers and also produce short polysaccharides chains which in turn increase
the contact areas between the fibers and improve the fibers density in the sheet [9,10]. As
a result of these modifications, the hydrogen bonding sites increase and the sheet tensile
increases. In addition, the modifications give advantages over chemical and physical
methods; such advantages are selectivity, lower energy input, recyclability and reusability
[11].
The fines in recycled pulp can prevent water to drain easily. Cellulases could act
preferentially on fines by cleaving the amorphous cellulose on the surface of the fines
[12]. The fines are hydrolyzed and the pulp becomes less hydrophilic and easier to drain.
In consequence, the speed of the paper machine can be maintained or increased.
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Although the primary goal of this study is to increase the tensile, the brightness is
monitored at different dosage to see if the enzymes have negative or positive effects. In
general, cellulases in certain conditions can improve the brightness of the pulp
[13,14,15]. A reduction in brightness due to the application of the enzymes will not be
cost-efficient, but an increase in the brightness will be a positive outcome for the pulp
quality improvement.
Although cellulases are proven to be good candidate [16] to improve the quality
of the pulp and the paper, it is important to determine the amount and the conditions in
which better results are obtained. An excess of hydrolysis of the cellulose could severely
reduce the strength properties of the pulp [17,18]. Thus, an experimental approach in the
lab and an application approach on the paper machine are critical to determine the right
dosage to study the tensile, the freeness and the brightness. The enzymes selection, the
dosage and the appropriate reaction time are known to be among the key factors for the
pulp quality improvement [19].
Case Study Problem Statement
The main objective of this study is to increase the tensile index equal or above
42.2 Nm/g. The freeness and the brightness will also be monitored to see if the enzymes
have any effects on these critical quality parameters of the pulp and the sheet. The
historical tensile index, freeness and brightness are respectively 38.5 Nm/g, 463 ml and
82.4.
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CHAPTER II
KRAFT PAPERMAKING AND ENZYME - OVERVIEW
The main type of paper involved in this study is the recycled Kraft paper, but it
would be important to remind briefly the origin of paper. Paper is simply a network of
fiber derived from woods, rags, straws or any fibrous materials felted from a fluid system
onto a grid. Archeological sources dated from 400 BC reveal that ancient Egyptians,
Greeks and Romans used to write on scrolls of papyrus; papyrus is obviously not a paper
but the first record of papermaking dates from 105 AD; the invention is credited to Ts’ai
Lun, a member of the Chinese court. Ts’ai Lun broke barks of trees into fibers and
ponded them into sheet; the process was improved by adding rags, hemp and old fish nets
to the pulp [A]. Although the papermaking process was kept secret in China, the
knowledge expands to the east, Korea and Japan, in the sixth century. The propagation of
the papermaking process to the west of China is due to the defeat of T’ang army by the
Ottoman Turks; prisoners from the war taught Arabs the papermaking process and the
first paper mill in the Arabs world was installed in Baghdad in 793 A.D. Paper making
process arrived in the northern Africa and the Southern Europe in the 11th century [20,
21].
Although the first paper mill in the United States was built in 1690, it was until
1798 that the French inventor Nicholas Louis Robert invented a paper machine to replace
the hand-moulding process in papermaking [22, 23]. Different approaches were used to
digest the woods, rags, straws and other fibrous materials to recover the fibers and make
paper. In 1879, the German chemist Carl F. Dahl [24] invented a new approach known as
Kraft process which becomes the dominant pulping process in the world today. Dahls’
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work mainly changed the chemicals recovery cycle and the production of the white liquor
used to cook the wood chips (Figure 2-1).

Figure 2-1. Flow diagram of Kraft pulping mill.
The lignin that binds the cellulose in the wood is depolymerized resulting in the
production of the cellulose fibers (pulp). The pulp will be eventually used to make paper;
The reject (black liquor) which contains mainly digestion chemicals, lignin and wood
extractives will be processed to generated new cooking liquor (white liquor) and steam.

Kraft Papermaking
•

Virgin Pulp and Recycled Pulp

Dahl used sodium sulfate (Na2SO4) instead of soda ash in a pulping recovery system
[25, 26]. During the incineration in the recovery system, the sodium sulfate is reduced to
sodium sulfide (Na2S). The liquor produced with the recovered chemicals contains
sodium hydroxide (NaOH) and sodium hydrosulfide (NaSH) due to the reaction of the
sodium sulfide with water:
𝑁𝑎2 𝑆 + 𝐻2 𝑂 → 𝑁𝑎𝑆𝐻 + 𝑁𝑎𝑂𝐻 → 𝑁𝑎+ + 𝑆𝐻 − + 𝑁𝑎+ + 𝑂𝐻 −
Paper made from this liquor, also called white liquor, has a superior strength and
named “Kraft paper”; the term “Kraft” means strong in German. The newly invented
5

liquor is more selective and protect cellulose during the digestion process due to the
presence of hydrogen sulfide ions (SH-).
The selectivity of the liquor can be improved by adjusting the sulfidity or the
causticity of the liquor. The sulfidity is the percent ratio of the sodium sulfide to the total
active alkali while the causticity is the percent ratio of the sodium hydroxide to the total
active alkali. A good selective liquor removes the lignin from the wood chips without
degrading the carbohydrate components.
𝑁𝑎𝑂𝐻

𝑁𝑎 𝑆

𝐶𝑎𝑢𝑠𝑡𝑖𝑐𝑖𝑡𝑦 = 𝑁𝑎𝑂𝐻+𝑁𝑎 𝑆*100

2
𝑆𝑢𝑙𝑓𝑖𝑑𝑖𝑡𝑦 = 𝑁𝑎𝑂𝐻+𝑁𝑎
*100
𝑆

2

2

The white liquor successfully digests the wood chips by separating lignin,
hemicellulose, extractives and cellulose. The pulp, the main brown solid product left after
the digestion, is mainly fiber made of cellulose; The byproduct of the digestion which is
viscous, thick and black, is called black liquor; the black liquor contains mainly leftover
reactants (sodium hydroxide and sodium sulfide), dissolved lignin, polysaccharides and
dissolved extractives. The black liquor is sent to the recovery boiler to evaporate residual
water, burn organic constituents, supplies heat for the steam generator, reduce the
oxidized sulfur compounds to sulfide and recover inorganic chemicals from the molten
smelt. The recovered chemicals from the black liquor are dissolved to make the green
liquor which main components are sodium sulfide (Na2S) and sodium carbonate
(Na2CO3). The green liquor, in turn, is converted to white liquor (NaOH and Na2S) in the
recausticizing plant where calcium oxide (CaO) is added [26, 27]. The figure 2-2 shows
the main stages of the chemicals cycle during the Kraft pulping process.
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Figure 2-2. Chemicals’ recovery cycle during the Kraft pulping process

Although other types of chemical pulping processes such as neutral sulfide (semichemical) pulping, sulfide (acid) pulping and soda pulping exist, the Kraft process
accounts more than the two-thirds of the world’s virgin pulp production and more than
90% of chemical pulp. The market is dominated with the Kraft pulp due the fiber
strength, softness, flexibility and the efficient chemical recovery process. Furthermore,
the Kraft pulp has many advantages compared to the mechanical pulp (ground wood
pulping, refiner mechanical pulping and thermal mechanical pulping). The tensile, the
tear strength, the wet web strength, the drainage and the density are higher for the Kraft
pulp; however, the Kraft pulp is more expensive, has lower bulk, stiffness and opacity
[27, 28, 29].
The pulp obtained after the digestion stage can be washed and used to make paper
products or can be bleached and then used to make products. About 5 million tons of
newspaper is made in the US in 2018, 6.9 million tons of books, 9.8 million tons of
7

magazines, 4 million tons of office papers, 4 million tons of tissue and paper towel, 1.4
million ton of paper plates and cups, 4.1 million of disposable diapers [30]
The Kraft process has undergone significant improvements throughout the
century. Today, the Kraft paper is generally made of fiber derived from softwood and
hardwood trees. The tree is cut, debarked, chipped, screened, digested, screened again,
washed, bleached, refined, formed, dried, reeled and converted. The product after the
digestion step is called virgin pulp if wood chips from trees are used and no recycled
paper materials are added to the process.
The papermaking process consumes about 68 million trees each year in US and
about 15 billion each year in the world; basically,186302 trees per day in US and 41
million trees per day in the world [31, 32]. Softwood such as pine, fir, spruce and
hardwood such as aspen, birch, eucalyptus, maple and oaks are some of the woods used.
The softwood fiber is long and thick while the hardwood fiber is shot and thick; the
softwood pulp has a lower density compared to the hardwood pulp; in addition, the
softwood has higher flexibility and tensile while the hardwood has higher opaqueness and
stiffness. Softwood and hardwood pulps can be used individually or blended at different
percentages to make paper with different properties of characteristics.
The papermaking process is intensive and heavily use other resources such as
water, electricity and chemicals. The ten top papermaker countries in the world in 2018
are China (109 962 000 metric tons), the United States of America (72 062 000 metric
tons), Japan (26 070 000 metric tons), Germany (22 282 000 metric tons), Indonesia (12
478 000 metric tons), Republic of South Korea (11 532 000 metric tons), India (15 214
000 metric tons), Brazil (10 557 000 metric tons), Finland (10 544 000 metric tons) and
8

Sweden (10 141 000 metric tons) [33]. Multinational such as International Paper (USA),
Nine Dragons Paper Holdings (China), WestRock (USA), UPM (Finland), Stora Enso
(Finland), Oji Paper Company (Japan), Sappi (South Africa), Smurfit Kappa Group
(Ireland), DS Smith (United Kingdom) and Nippon Paper (Japan) hold the largest
papermaking and pulp products manufacturing plants around the globe [34].
Most of the pulp and paper products are useful and necessity materials; the paper
making process also creates employment around the globe; however, many
environmental organizations raise their concerns about the papermaking process by citing
deforestation, air pollution, water pollution, land pollution and paper waste [35].
Deforestation is simply removing trees from a wide area. The area or the land
may be used for other purposes such as human habitat and mining; in some cases, the
trees grow back or other plants or farm are grown on the cleared land. Deforestation has
many impacts on the environment. Trees that are cut down cannot absorb and store
carbon dioxide (CO2); an increase of CO2 in the atmosphere has a direct effect on the
global warming. In addition, animals’ habitats are destroyed or negatively affected by the
deforestation. Deforestation simply shuffles the ecosystem and displaces the rural or
indigenous communities and the wildlife. The biodiversity is severely affected as the
population of certain species are reduced or endangered. Papermaking, especially from
the virgin pulp, consumes trees and has high footprint on the ecosystem and the
biodiversity [36].
Air pollution is another reason why environmentalists decry the papermaking
process. Pollutant such as hydrogen sulfide (H2S), sulfur oxides (SOx), nitrogen oxides
(NOx), carbon dioxide (CO2), volatiles organic compounds (VOC) and particulates are
9

produced during the process. The air pollutants mainly come from the digester,
evaporators, the recausticizing plant and the waste water treatment plant [35]. Studies
[37] reveal that papermill workers experience more dermatitis and airway inflammation
and the communities around papermills are exposed to strong odor. Furthermore, air
pollutants from the mills can increase the risk of certain cancers such as large intestine
cancer, esophagus cancer, kidney cancers and pleural mesothelioma. H2S and VOC are
known to cause irritation, dizziness and skin problems; SOx and NOx are known to
contribute to acid rains by reacting with oxygen and water in the air to produce sulfuric
acid and nitric acid.
Water pollution is among the reasons why environmentalists see the papermaking
process as a harmful process. In general, every papermill has a waste water treatment
plant. The plant processes the water to meet certain criteria before it is reused or it is
rejected in the water stream (rivers, lacs…). A processed water may sometimes contain
suspended solids (fiber, bark particles, dirt…), dissolved organic compounds (lignin,
sugars, turpentine…), dissolved inorganic compounds (NaOH, Na2SO4), heavy metals
and other additives such as starch, Alkyl Ketene Dimer (AKD), Polyamide
epichlorohydrin (PAE), Glyoxalated Polyacrylamide (GPAM), Per- and polyfluoroalkyl
substances (PFAS) and chlorinated compounds. Although some of the pollutants are
naturally occurring in the wood, the amount rejected by the mills is so high that it has
negative impacts on humans and the environment. The discharge of the waste can change
the pH, the turbidity, the color of the rivers and even affects the aquatic ecosystem.
Pratibha et al. shows that papermill water is mostly deficient in dissolved oxygen and
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high in BOD (biological oxygen demand) and COD (chemical oxygen demand) values
[35, 38, 39].
Land pollution is another complain environmentalists associate to the
papermaking process. The irrigation with polluted water from the mill causes nutrient
imbalance in the land, thus in the crops. Elements in the mill waste water such as sodium,
magnesium, calcium, sulfates and heavy metals increase the pH of the soil, imbalance
macro and micro nutrients, have a negative effect on soil microbial activities, deplete
oxygen supply in soil and decrease the germination rate. The pollutants can further enter
the food supply chain through farming and affect human health [39].
Environmentalists are questioning the biodegradability of pulp and paper
products. Although studies [40, 41] report that paper can naturally degrade in the soil
within 2 to 6 weeks, certain grades of paper have been seen in the nature after years
without going through the degradation process. This is due to the fact that paper makers
are adding or mixing the pulp with polymers to make their products; in addition, there are
paper makers who make products lined with plastic and the final products become unbiodegradable. Certain examples of products are plates that contain SBR and PFAS, cups
and milk boxes that are lined with polyethylene or other non-biodegradable polymers [42,
43].
Furthermore, the fully biodegradable pulp and papers which were thought to be
good and safe for the natural life cycle are now scrutinized; the main reason is the
decomposition process of the biodegradable papers in the landfills produces methane
[44]. Methane is a greenhouse gas that traps heat and ultimately contributes to the global
warming. The EPA [45] defines the global warming power (GWP) of carbon dioxide as 1
11

while the GWP of the methane is between 28 to 36. This simply means that one ton of
methane traps about 28 to 36 times energy compared to one ton of carbon dioxide. In
brief, in equal amount, methane contributes more to the global warming than carbon
dioxide. Paper is sadly known to be among the largest contributors of the methane
generated in the landfills [46].
Many solutions are proposed to decelerate the negative impacts of the
papermaking process and the paper products degradation. Reforestation, reusability and
recycling are part of the solutions.
One of the solutions to curb the pulp and paper products environmental impacts is
to recycle the paper products. Recycling reduces the presence of paper in the landfills and
this reduction reduces indirectly the methane gas generated in the landfills. In addition,
recycling saves trees, water, energy and oil. Many sources, include the EPA, agree that
recycling one ton of office paper can save on average 17 trees, 7,000 gallons of water,
463 gallons of oil, 3 cubic yards of landfill space, and enough energy to heat an average
home for six months trees. The paper recycling process saves on average 64% energy,
58% water and 60 pounds less air pollution. The advantages of recycling obviously make
the fiber a gateway to sustainability business [47, 48].
Although Japanese started recycling paper since the 9th century, the first paper
recycling patent was granted to the English papermaker Mathias Koops on April 28, 1800
[49, 50]. Paper recycling started in the US around 1690 with William Rittenhouse who
planted his mill in Philadelphia. Although the recycled paper made by Rittenhouse was
mainly sold to print Bible and newspapers, the amount of recovered and recycled was
insignificant. During the World War II and after the war, campaigns were intensified in
12

the US to recycle paper. By 1985, Americans recycling rate reaches only 10%. Five years
later the recycling rate exceeds 30 %. The Figure 2-3 show that the paper recovery for
recycling reaches 50% of the paper produced for the first time in the US in 2003 [51].

Figure 2-3. Paper recycling rate in the United States from 1990 to 2020* (Statista) [52]

On the January 1st 2018, China enacted a ban [53] that would stop the import of
certain waste materials included paper wastes. The impacts of the Chinese ban on the US
waste papers affect the rate to recycle more paper in the US. The paper recycling rate
reached 68.1% in 2018 for the first time but the rate is currently decreasing [Figure 2-3].
The rate decreases about 13.6% by 2020 mainly due to the market restriction; part of the
paper recovered in the US is not recycled here, but is sold to China who in return recycles
it. The current dilemma is the US will need to develop technology to recycle all its paper
waste or find new markets where the waste paper can be sold. Reaching 100% recycling
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rate is the ideal goal but it will take the willingness to recover the paper, the capability to
process it and the acceptance of the customer to reach that ultimate goal.
The willingness to recover paper is increasing almost every year if the overall
trend of the Figure 2-3 is considered. Different types of trash bins to separate recyclables
paper and plastics wastes can be seen in many cities across the globe. Environmentalists
are making their voice heard about the importance of recycling at schools, on TV, on
social medias and on the internet. As a result, people are more educated about the
importance of recycling, climate change and global warming. More customers are willing
to purchase recycled paper products and they carefully read details on the packaging or
search for logos that certify the product as recycled or recyclable before buying the item
[54]. Although the paper recycling rate reached 65% in 2018 [Figure 2-3], the current
willingness to recycle paper could bring the rate upward in the next decades.
Even if the willingness to recover waste papers is high, the capability to process
the recovered papers and to isolate the fibers becomes the new challenge. Copy paper can
be easily deinked and the fiber can be used to make products such as toilet paper, facial
tissue, paper towel and more. Although the technology is advanced to recycle copy paper,
not all paper products can be now recycled. Milk cartons made of fibers and laminated
with polymers can be recycled but diapers and feminine pads and certain types of paper
cores are challenging to recycle.
The willingness and the capability to recycle will fail if product acceptance is not
considered. Product acceptance is the voice of the customer. When the customer denies
the product, the willingness and the capability that drive the paper recycling rate will
fade. The concept here is very simple: will a customer buy a milk in a half gallon milk
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carton that was made by 50% recycled fiber from diapers, feminine pad or fiber from the
municipal waste? If the technology used to recover such fibers cost more than the
traditional recycling, is the customer willing to pay more? These questions are complex
and difficult to answer as the opinions will differ from one person to another. Although
reaching 100% recovery rate is the ideal goal of recycling, it will be difficult to reach the
ultimate goal if the customer acceptance equation remains unsolved.
In recycling, the papers are collected, hydropulped, screened, floated, screened,
washed, bleached, refined, formed, dried, reeled and converted. Although the refining
stage is the main objective of this study, it is important to mention that each stage is
critical and dependent for the manufacturing process. A 100% recycling process is
perfectly circular as it does not use any virgin fiber or cut any new tree. The Figure 2-4
shows on the right the general steps of paper manufacturing process from recycled pulp.

Figure 2-4. General steps of paper manufacturing process from virgin and recycled pulp.
Virgin pulp: from the circle at left to the blue area in the right circle. Recycled Pulp: the
entire circle at right.
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The lifecycle of a paper made from virgin pulp, if not recycled or used for any
other purpose, is similar to cradle-to-grave principle. The cradle-to-grave cycle has
negative environmental impact as trees will be always needed to be cut to produce papers
and generate polluting wastes. The lifecycle of a paper made from recycled pulp is
similar to cradle-to-cradle principle; at the end of life of the manufactured paper, the fiber
can be used or reuse to make new paper which is a new life for the fiber. Recycling itself
if done properly contribute to the circular economy and has less footprint on the
environment compared to the virgin pulping process [55, 56].
Although recycling is more appealing, the process has many challenges such as
dealing with contaminants (metals, glasses, Styrofoam, oils, hot melt, asphalt…) found in
the recovered papers and the runnability of the paper machine due to stickies, fines and
weak sheet tensile. The weak sheet tensile challenge reduction on the paper machine is
one of the main goals of this study.
•

Paper Machine Sections
A typical paper machine has a headbox, a forming section, a press section, a dry

section and a reeling section. The Figure 2-5 and the Figure 2-6 show the profile of a
paper machine. The green line on the Figure 2-6 represents the path of the paper web
from the headbox to the reel.

16

Figure 2-5. Typical Dimensions of a Paper Machine (Valmet) [57]

Figure 2-6. General Profile of a Paper Machine
The headbox supplies low consistency pulp or diluted pulp to the forming section.
The fiber slurry is distributed uniformly across the wire. The headbox controls the fiber
dispersion, turbulence and velocity with respect to the wire. Early design headbox are
open wooden box in which a sufficient stock level was maintained to give desired efflux
velocity through a slice; the flow is laminar and gravity fed. Modern headboxes are
advanced and allow better formation of the paper. Air padded headbox, hydraulic
headbox and gap former are the main types used in the pulping industries. The pressure,
the dispersion, the turbulence, the velocity, the jet impingement point and the fiber
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misalignment are better controlled with advanced headboxes. The average solid content
of the pulp at the headbox can range from 0.2 to 0.5% [26, 58].
The forming section extends from the breast roll to the couch roll and has a
continuous rotating wire mesh. A vacuum system under the wire dewaters the pulp and a
wet sheet is formed. Surface tension and Van der Waal forces are the main forces holding
the fibers to each other at this stage. Hydrogen bond between the fiber is weak and the
average solid content of the wet sheet is about 10%. [26, 58]
The press section extends right after the couch roll to the drying section gate. The
inter-fiber bonding is increased in this section as the wet web is pressed between hard
rolls and more water is removed. The sheet goes through the nip of the rolls which
squeeze the fibers; this action not only dewaters the sheet but also densifies the web and
increases the sheet strength. The average solid content at the press section is about 45%.
[26, 58]
The dry section is usually covered or hooded to slow the loss of energy of the
heated rolls. A system of thermocompressor using high pressure steam is used to
uniformly heat and maintain the rolls at desired temperature. The felt presses the web
against the hot rolls to accelerate the water loss. As a result, the sheet is dried and
hydrogen bond becomes the main force holding the fibers together. A this stage the web
is fully made with about 95% solid [26, 58].
The reeling section comes after the dry section. In general, there is a section
between these two sections called calendering. The calendering section is a succession of
rolls used to modify the surface characteristics of the sheet. The nip pressure of these
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rolls adjusts the overall thickness and the uniformity of the sheet. The sheet is wound in a
roll after the calendaring section with an average of 95% solid [26, 58].
From the couch roll to the reeling section, the web is no more on the forming table
and can break at any point. The quality of the fiber is critical for the web to hold together.
Unrefined fiber and fiber that is recycled several times can lack the proper strength
properties to make better paper.
•

Mechanical refining
Refining of the pulp is a mechanical treatment to modify the fiber structure for a

better papermaking. The device used to achieve this goal is called refiner [Figure 2-7].
The refiner is made of two metallic plates (a stator and rotor). The plates have radial bars.
The pulp fed from the inlet, flows in the groove and finally trapped between the edges of
the opposing bars. Two main types of refiners are used in the mills: the conical refiners
and the disc refiners. The conical refiners can be subdivided in two types; the low angle
types called Jordans and the high angle types called Claflins. The disc refiners are
subdivided in three types based on the characteristics of the rotating disc and the
stationary disc; the three categories are the single rotating disc opposing stationary disc,
two opposing rotating discs, and two rotating double-sided discs between two stationary
discs [G]. The figures 2-7 and the figure 2-8 show respectively the schematic of a single
rotating disc mechanical refiner and the mechanism of fiber refining.
Whether the mills use disc refiners or conical refiners, the amount of electricity
used is exorbitant. Refiners are among the process units in the mill that consume more
energy. Edyta Małachowska et al [59] show from their work that refiners’ consumption
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can go up 40% the overall electricity consumption in the mill. This energy is required for
the fiber transformation to achieve the desired pulp and paper properties.

Figure 2-7. Schematic diagram of
a single-disc mechanical refiner [60]

Figure 2-8. Illustration of refining
between two bars [26]

The trapped fiber between the bars [Figure 2-8], collapses, ruptures, delaminates
and fibrillates due to the shear force applied by the refiner bars. The surface area of the
individual fiber increases and the fiber- fiber contact in the pulp increases. The fiber
swells, becomes hairy and more flexible for better hydrogen bonding. The figure 2-9
illustrates the change in the fiber structure before and after going through the refining
process.
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Figure 2-9. Fibrillation -Delamination of the fiber cell wall during refining
The fibrillation of the fiber occurs inside (internal fibrillation) and outside
(external fibrillation). Nodes, kinks, slip planes and micro-compressions in the cell wall
are created due to the force applied by the refiner bars [60]. The image at right in the
figure 2-10 depicts a paper made of refined pulp with better network of fibers compared
to the image at left of paper made with non-refined pulp.

Figure 2-10. Images of fibers before and after refining [26]
(Black background used to enhance the difference between the images)
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Overall refining improves the properties of the fiber to make stronger sheet but
some of the drawbacks are fines, low freeness and weak individual fiber strength due to
the mechanical force applied on the fibers.
Fines are fragments of fiber that can pass through a mesh screen of 76
micrometers in diameter. There are two types of fines: primary fines and secondary fines.
The primary fines naturally exist in the wood and comprise thin-walled parenchyma cells
and very small cells in the wood. The remain intact after the digestion of the wood chips
and become part of the pulp. The secondary fines are produced during the pulping
process due to the mechanical actions on the fibers. Secondary fines are produced
especially during the refining process due the actions of the refiner bars on the fibers.
Primary and secondary fines can play the role of a bridge between the fibers and increase
the chance of the inter-fiber bonds; however, primary and secondary fines can prevent
water to drain from the furnish. Excessive fines in the pulp will seriously reduce the
drainage or the freeness of the pulp [61, 62].
Freeness can be simply defined as how fast water drains through the pulp. The
freeness is measured by collecting the total volume of water discharged from a side
orifice on the freeness tester. There are the Schopper Riegler (SR) freeness tester used
mainly in Europe freeness and the Canadian Standard Freeness (CSF) tester used mainly
in North America. A higher number of SR freeness means slower drainage while a higher
number of CSF freeness means faster drainage [62, 63].
In this study, the CSF used. The water drains under gravity freely from the pulp
when using the CSF. The consistency of the pulp and the presence of fines can affect the
freeness of the pulp. Higher consistency and higher fines for example will prevent the
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water to drain and lead to low freeness. Low freeness has a direct impact on the paper
machine speed. The speed of the machine has to be reduced to give time to the pulp to
drain on the forming section. The wet web on the paper machine that carry too much
water is susceptible to break and more energy will be consumed to dry the web at the
drying section. Refining generates fines which in turn reduce the freeness [12,26]. The
illustration in the Figure 2-11 shows the schematic of the freeness tester and two pulps
before and after refining; the after refining pulp has the highest amount of fines, thus the
lowest amount CSF value.

Figure 2-11. Illustration of freeness before and after refining

Loss of strength of individual fiber strength is also to consider as a drawback of
refining. The native fiber structure collapses, cracks and fissures during the refining
process. The fiber also swells and curls. Although the new fiber structure is good for the
fibers inter bonding properties and the sheet tensile improvement, the individual fiber
becomes weak. Kouko et al. [64] shows that the individual refined fiber loses in average
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about 24% of their tensile strength compared to the unrefined fiber; 640 MPa vs 840 MP
respectively for the refined fiber and the unrefined fiber. The paradox here is the refined
and weak fibers make strong paper. A recovered fiber from this sheet will not have the
same properties as the original fiber.
•

Secondary fibers and degree of recycling
A secondary fiber is simply a fiber that has been used at least one time in paper or

pulp products manufacturing process and is recycled to manufacture another product. The
degree of recycling defines how many recycle cycles a fiber has been through. Refining
has significant effect on the fiber each time it being processed. Continuous refining
through infinite degree of recycling will make the fiber weaker and eventually ruin
completely the fiber. A paper can be generally recycled five to seven times before the
fibers become too short and weak to make poor quality sheets [26, 65].
Papermills, apart from the mechanical refiners, use different approaches to
enhance inter fiber bonding. Blending, fractionation and chemical treatments are some of
the techniques [22]. The recycled pulp is blended with the virgin pulp at a defined ratio to
achieve certain properties of the sheet. Fractionation is used when the fibers are screened
based on their length and stored separately; each category of the fiber will be used
according to the need of the paper maker. Starch, PAE, GPAM can be also used to
enhance the strength of the sheet.
Starch is used in the recycled mill for many purposes such as flocculant, retention
aid, binder, sizing agent and bonding agent. The versatility of the starch makes it a good
candidate to improve the degree recycling of the secondary fiber. However, an excessive
use of starch in the mill makes the mill stinks and the products malodorous. The starch
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used in the wet-end of the recycled mill to enhance the sheet strength ends to be in the
white water. Microorganisms feed on the starch and produce VFA that are mainly acetic
acid, propionic acid and butyric acid [66]. The odor due to the VFA can become serious
if not controlled. The waste water treatment plant in the mill has to invest resources to
reduce the starch in the white water and control the BOD. The mill operation has to
define strategy to control the odor not only on the machine but also in the final products.
PAE and GPAM are wet strength additives in the mill. The wet strength additives
are used to improve the paper resistance to a force of rupture when the paper is wet. The
goal here is not to necessarily to increase the tensile of the paper, rather to maintain it or
preserve it at certain level when the paper is wet. The wet strength chemicals crosslink
the cellulose of the fiber with covalent bonds that resist breaking upon wetting. PAE
produces higher wet strength than GPAM; PAE is classified as a permanent wet strength
while GPAM is classified as a temporary wet strength due to the fact that the PAE treated
sample wet strength decay rate is about 10 to 15% after the paper is subjected to 30
minutes soak test [67]. Wet strengths are mainly used for paper products that are intended
to be used under humid or wet conditions such as paper towels and beverages cartons. As
their names indicate it, the importance of the wet strength is valorized when the sheet is
wet. Although wet strengths can improve the sheet tensile, especially when it is wet,
paper makers find the sheet difficult to recycle. The pulps from wet strength papers have
flakes of paper that are difficult to break; the degree of recycling of such pulp is limited.
A quick way to reduce sheet breaks on the paper machine by increasing the sheet
strength is to increase the basis weight. The basis weight is simply the weight of the sheet
per area; it is expressed in Lbs./ft2; it is called grammage when expressed in g/m2[68] By
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increasing the basis weight, operators increase the amount of fibers per the same area in
the sheet. The increase in basis weight densifies the sheet and increases the chance of
hydrogen bonding between the fibers; the sheet usually becomes heavier, thicker and
opaquer. This technique can be used to solve the sheet breaks problem temporary but it is
not generally approved for two main reasons: fiber loss and defect product.
Increasing the basis weight to prevent web break is a waste for the mill. The mill
is literally putting more fibers than required in the sheet and this fiber loss makes the
process inefficient. Fiber is the primary raw material of the paper maker. The cost of the
recycled fiber is increasing almost every year; The sorted residential paper price
increased about 7% and the sorted office paper price increased about 6 % in 2021 [69].
Using the basis weight as a solution for sheet breaks creates only a financial loss in the
mill.
Defect products are sometimes made when the basis weight is increased to
impede sheet breaks. Some products have specific criteria about their caliper, opacity,
bulkiness, stiffness and roughness. Modifying the basis weight can affect one or more of
these criteria. A Kimwipe or Kimtech, a paper cleaning wipe used generally in
laboratories, has 280 sheets in the standard box [70]. An increase of the basis weight, for
example, could jam the 280 sheets in the box and the customer will have difficulty
pulling the sheet out; the Kimwipe sheet will often break when the customer is pulling.
The pack will be classified as a defect product and a customer complaint can be filed.
Furthermore, an increase in basis weight can also make a book thicker and heavier. In
brief, a variation in the basis weight for recycled or virgin fiber can affect the properties
of the sheet.
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Enzymes are another alternative of the tensile improvement in the mill. The
enzymatic approach to improve the paper tensile can give similar results as the
mechanical refining with less damage to the fiber.
Enzymes
Enzymes are simply selective biological catalysts made of high molecular weight
of proteins. In the pulping industry, different types of enzymes are used for deinking,
bleaching and refining; enzymes are also used for pitch control, sticky control, removal
of fines, water cleaning and starch modification. Enzymes are mainly produced by
various microorganisms and a combination of enzymes from different strains can be also
used to improve the pulp and the sheet properties [8].
Although the conformation of the enzymes can be complex in their 2D or 3D
spatial representation, the enzymes have generally 3 parts or regions: the binding module,
the linker and the catalytic domain.
The binding module or carbohydrate-binding module (CBM) functions are to
assist in the substrate turnover. The CBM targets the substrate, concentrate the enzyme
on the surface of the substrate and disrupts the non-hydrolytic crystalline substrate
[71,72]. The binding module can recognize the crystalline and the amorphous regions of
the fiber. The function of the CBM is extremely important as it helps the enzyme to
adsorb to the fiber surface and penetrate into interfibrillar space so the enzyme can start
the cleavage of hydrogen bonds. There are known 180 different CBM domains classified
into 13 families based on the amino acid sequence similarity [73].
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The linker is the flexible region connecting the two adjacent parts (the catalytic
domain and the binding module). The linker stiffness and length are critical for the
enzyme activity; it is also known that shortening or deleting the linker reduce the
enzymatic activity on crystalline cellulose and the linker length affects the thermal
adaptation of certain cellulases. [74].
The catalytic domain interacts with the substrate and cause the enzymatic
reaction. The catalytic domain interaction comes after the binding module penetrates the
cellulose structure. At this stage, hydrogen bonds are cleaved, the cellulose structure is
disrupted and free polysaccharides chain ends are formed [72, 75]. The Figure 2-12 is the
schematic showing the structure of the enzyme and how the enzyme progressively
disrupts the cellulose structure.

Figure 2-12. Schematic representation of enzyme penetration the cellulose
structure. For clarity, the carbohydrate-binding module is oversized compared
with the catalytic domain. [72]
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After disrupting and penetrating the cellulose structure, the enzyme continues
with the cellulose hydrolysis which produces polysaccharide chains. The figure 2-13
shows the progression of the enzyme with the green strand of the cellulose off the main
bulk of the cellulose. These green strands are the fibrillation that promote hydrogen
bonding between the fibers during the paper making process; the more strands produced
by the enzyme, the more fibrillated the fiber becomes.

Figure 2-13. Enzyme with cellulose polysaccharide chain [76]
The complex enzyme-substrate conformation, the structure of each part of the
enzyme (the binding module, the linker and the catalytic domain) and the sequence of the
amino acids make every enzyme a selective catalyst. Common examples are amylase for
starch, cellulase for cellulose fibers, protease for protein, xylanase for hemicellulose and
pectinase for pectin. They catalyze specific reaction by lowering the activation energy.
The figure 2-14 shows an uncatalyzed reaction and a catalyzed reaction. The
uncatalyzed reaction required high activation energy (ΔGA1) compared to the enzymatic
catalyzed reaction (ΔGA2). The activation energy is the difference between the energy
level of the substrate and the energy level of the transition state.
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Figure 2-14 Activation energies of enzymatically catalyzed
and uncatalyzed reactions. Note that │ΔGA2 │ < │ΔGA1 │. [77]

The enzymes reduce the activation energy by either distorting the substrate bonds,
or creating a charge distribution, or reducing the reaction entropy or by completely
change the chemical pathway so the reactants do not have to have overcome
intermolecular forces that oppose the reaction to occur. The complex enzyme-substrate
predisposes the substrate to the reaction with less energy. [78]
•

Dosage
Enzyme dosage is the amount of enzyme charged to the substrate. The dosage and

the dosing strategy are important for the effectiveness of the enzyme. The dosage is
critical as the overdose will produce excessive response while the underdose will produce
a low yield response; the right dosage, if known, yields the targeted result. Enzyme
dosing strategy is also crucial for its performance; a poor dosing strategy will yield to a
non-homogeneous result; the enzyme application strategy should be designed in a way
that the enzyme is evenly applied to the substrate so the response can be consistent and
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representative [79, 80]. In this study, the pulp is at low consistency and is continuously
mixed at different dosages.
•

Temperature
Temperature is another factor for the enzymatic performance. In general, every

enzyme has its active temperature range. At a very low temperature, the enzyme is
simply inactive; at a very high temperature the enzyme denatures. The optimum
temperature is needed to determine the optimum yield. This is possible by raising the
temperature progressively so the enzyme and the substrate gain kinetic energy; the
increase in energy also increases the frequency of collisions and the formation of
enzyme-substrate complexes [81, 82, 83]. Knowing the temperature at which the enzyme
has the greatest activity on the fiber is crucial for this study.
•

Time
Time in this study is how long the enzyme is exposed to the substrate. Time is an

important factor as insufficient duration may not lead to the optimal result; not enough
product will be formed and the desired sheet tensile will not be reached. At the
beginning, the reaction proceeds mainly in one direction since there are only the enzyme
and the substrate. However, as the reaction continues and more products are formed over
time, there are chances of back reaction which decelerate the overall rate. If the exposure
time to the substrate is too long, the product formation rate becomes very low or
plateaued [81, 82, 84].
In addition, excessive exposure of the enzyme to the cellulose can produce more short
polysaccharides than needed. The objective is not to convert the cellulose entirely to
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polysaccharides but to create few hairy chains to improve the bonding capability of the
fiber; the optimum duration is needed to achieve this goal.
•

pH
Enzyme activity is pH dependent. Extreme pH can change the shape or denature

the enzymes [84]; as a result, the enzyme performs poorly even the if the dosage, time
and temperature are optimal. Although pH is an essential parameter of the enzyme
performance, it is not considered as a parameter in this study. The main reason is the
recycling mill water average pH does not fluctuate a lot. In general, the pH of water in
Kraft paper mills and most recycled mills is above 7. The alkaline pH is mainly due to the
white liquor residues carried in the lumen, cracks or fissure and layers of the fiber. The
recycled mill water in this study has an average pH of 7.9 and each sample pH during the
experiment has been adjusted to 7.9.
•

Enzymatic refining
Like the mechanical refining, the enzymatic refining of the pulp is a treatment to

modify the fiber structure for a better papermaking. The goal is to fibrillate, swell and
make the fiber more flexible for hydrogen bonding. Unlike the bars of the mechanical
refiner that chop, crack, split, tear and curl the fiber [60], the enzyme penetrates the
cellulose structure, cleave hydrogen bonds and free short polysaccharide chains. The
figure 2-15 is a schematic of the enzyme fibrillating and generating polysaccharides
chains form cellulose. The chains can be entirely free or hairy on the cellulose structure.
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Figure 2-15. Enzyme fibrillating and generating polysaccharides chains from cellulose
The enzymatic approach applies less stress on the fiber compared to the
mechanical approach. The process is purely chemical and requires very low energy
consumption. Sandeep Tripathi and al. showed in their work that the energy saving with
the enzymatic refining can go up to 30% compared to the mechanical refining [85]. The
work of Skals using cellulase (Novozym 476) reduced the energy consumption by 160
kWh/t pulp while the work of Yang decreased the energy consumption from 10%-25%
[86]. In addition, Lecourt et al also determined that up 60% of refining energy could be
saved by the enzymatic refining [87].
The figure 2-16 shows the fibers before (left) and after (right) the enzymatic
refining. The fibrillated fibers appear hairy; their structure has been modified for better
fibers inter-bonding and higher sheet strength.
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Figure 2-16. Enzyme assisted pulp refining: Before (left)vs After refining (right) [19]
•

Limitations of Enzymes
Enzymatic refining can outperform mechanical refining if the enzyme is stored

and used properly within defined period. Enzyme denatures over long period of time
while refining bars last longer. Enzymes need to be stored in the appropriate area; the
storage conditions for enzymes are more restrictive than the storage condition of the
metallic refiner bars. Temperature in the mills can become extreme, very hot or cold,
depending on the location of the mill and the season of the year. The fluctuations on the
environmental conditions, if not controlled, can negatively affect the performance of the
enzymes. Some enzymes lose their activity when frozen while others simply denature at
very high temperature [83].
Enzymatic refining is also reported to reduce the pulp viscosity. The pulp
viscosity gives an indication of the average degree of polymerization of the cellulose.
Although the enzymes have the ability to improve the fiber properties such as fiber
bonding, Kirk et al [84] reported that the pulp viscosity decreases when cellulases cleave
cellulose chains. As a results, the degree of cellulose polymerization decreases. The
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authors also acknowledge that researchers attempted to get around this issue by using
enzymes from mutant microorganisms.
The lack of full understanding of the fibrillation mechanism and trade secrets
among the enzyme suppliers also contribute to the enzyme limitations. The exact
mechanism of enzymatic pulp fibrillation is not totally understood [88] and more
researches need to be done in this area. The trade secrets between the enzyme suppliers
make it also difficult to associate enzyme sources to their performance. Critical trade
secrets information about the enzyme are legally withheld from the Safety Data Sheets.
Various microorganisms are used in the enzymes production and a combination of
enzymes from different strains give different levels of performance [8].
The use of enzyme should be appropriate to each mill. There is no one-size fit all
solution as the mills condition differ from one to another. The type of enzyme, the
optimal dosage, the temperature and time should be studied for each mill if satisfying
results are intended to obtain. This approach not only will reduce the negative impacts of
the enzyme limitations but also define the right amount of enzyme needed to reach a
specific goal.
Fiber: Sustainability and Circular Economy
A recycle fiber has gone through at least one time the mechanical refining
process. The fiber is already swollen, fibrillated and the lumen collapsed. Sending the
same fiber into the mechanical process again will obviously reduce its length and
strength. Enzyme can give the fiber a better performance by reducing the mechanical
chopping, cracking, splitting and tearing of the fiber [60]. Enzymes effect on the fiber is
mild compared to the mechanical bars.
35

The sustainability promotes the avoidance of the natural resources depletion while
the circular economy promotes the reusing of the raw material as long as possible [89].
Both concepts find their place in the papermaking process as long as the same fiber can
be reused as long as possible. A recycle fiber lifecycle through refining bars is harsher
than going through the enzymatic process. Enzymes, if needed, can also be used as a
complementary fiber refiner to the mechanical refiner to reduce the fiber degradation.
An enzymatic pulp properties improvement on the paper machine will reduce web
break downtimes for the papermaker and also reduce the energy consumption in the mill.
Improving the pulp and the paper properties with the enzymatic approach will not only
improve the paper products but also improve the process of making the products more
efficient and sustainable.
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CHAPTER III
EXPERIMENTAL PROCEDURES
•

Central Composite Design
Minitab was used to generate a central composite design experiment with 3

factors (dosage, time and temperature) at 3 replicates. 60 runs were needed in total and
hand-sheets were made from 4% consistency recycled bleached kraft pulp by following
the Minitab randomized order (Appendix 1). The table 3-1 shows the factors and ranges
used in the study.
Factors
Dosage (mg/Kg)
Time (min)
Temperature (oC)
Table 3-1. Factors and ranges
•

Low
200
30
30

High
500
60
50

Pulp Preparation and Enzyme Treatment

Mixer

Beaker containing the pulp

Water bath

Figure 3-1. Pulp mixing apparatus
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The figure 3-1 shows the schematic of the mixing apparatus during the
experiment. The pulp was mixed continuously and the temperature of the pulp was
controlled and maintained with a water bath. Precaution was taken to avoid the container
to touch the bottom of the bath and the pH was adjusted to 7.9 (average pulp pH in the
mill). This solution is stock S0. The corresponding dosage of enzymes was charged and
the pulp was mixed for the duration associated (Appendix 1). The enzyme activity was
4509.8 CNU (R)/g.
A sample calculation of the enzyme dosage is as follow for the test “Dosage 350
mg/Kg, Time 45 min and Temperature 40 C in the Appendix1:
•

In a clean 100 ml volumetric flask, 1 g of the concentrated enzyme was diluted to
mark with deionized water. This is solution Se with a density of 10 mg/ml.

•

The volume of enzyme 𝑣𝑒 is calculated using the formulae below:
𝑚𝑂𝐷 = 𝐶 ∗ 𝑚𝑃

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1

𝑚𝑒 = 𝐷 ∗ 𝑚𝑂𝐷

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2

𝑣𝑒 =

𝑚𝑒

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3

𝜌𝑒

Where 𝑚𝑂𝐷 = mass of oven dry pulp in Kg, C = the consistency of the pulp in %,
𝑚𝑃 = the mass of the pulp in Kg, me = the mass of enzyme needed in mg,
D = the corresponding dosage in the Minitab table (Appendix 1) in mg/Kg, 𝑣𝑒 = the
volume of the enzyme solution Se needed in ml and 𝜌𝑒 = the density of the solution Se in
mg/ml.
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Using the equations 1, 2 and 3, 𝑣𝑒 becomes:
𝑣𝑒 =
•

𝐷∗𝐶∗𝑚𝑃

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4

𝜌𝑒

Using the formula of the equation 4, 2.8 ml of the solution Se was added to 2000 g
of 4% consistency pulp at 40 ͦ C and timed for 45 minutes.
The temperature of the pulp was raised to boiling point at the end of the treatment

to prevent residual effects of the enzymes during testing.
Aliquot of the stock S0 was diluted to 0.3% consistency and the freeness was
measured according to the TAPPI method T 227. The amount of pulp needed to make the
1000 ml solution for the test was calculated using:
𝑣𝑖 =

𝐶𝑓 ∗𝑉𝑓

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5

𝐶𝑖

Where 𝑣𝑖 = the amount of pulp needed for the dilution to 1000 ml, Cf = the final
consistency (0.3%), 𝑣𝑓 = the final volume (1000 ml) and Ci = the initial consistency of
the pulp which is 4%.
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Figure 3-2 Image of the Canadian Standard Freeness Tester
A Canadian Standard Freeness tester, manufactured by Robert Mitchell Inc, was
used to measure the freeness [Figure 3-2]. The bottom lid of the tester was closed and the
freeness chamber was filled with the 1000 ml of the 0.3 % consistency pulp. The top lid
and the air valve were closed after the chamber was filled. A graduated cylinder was put
under the side orifice of the tester. The bottom lid and the air valve were respectively
open and the drained water was collected in the cylinder. The temperature of the water
was measured and the volume was recorded. The freeness chart was used to make
temperature correction when needed. The freeness is reported in milliliter.
In addition, aliquot of the stock S0 was used to make hand-sheets according to the
TAPPI method T205. The amount of pulp needed to make the hand-sheet was calculated
using the following formula:

𝑣𝑝 =

𝐵𝑊 ∗ 𝐴
𝐶

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6
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Where 𝑣𝑝 = the volume of the 4% consistency pulp needed in ml, BW= the basis weight
of the sheet, A= the area of the mold screen and C = the consistency of the pulp in %.
For a target hand-sheet of basis weight of 40 g/m2, and a screen size of 201.6 cm2, 20.2
ml of pulp was used.

Figure 3-3 Image of the Hand-sheet Mold
A hand-sheet mold [Figure 3-2] British Sheet Machine, manufactured by Robert
Mitchell Inc, was used to make the hand-sheets. The pulp was loaded on the screen and
the cylinder was filled with water. The water was drained after a perforated stirrer was
used to disperse the fibers in the cylinder. Two blotting papers were put on the wet sheet
and the sheet was manually pressed with a roller. The blotting papers and the sheet were
gently removed from the screen and another blotting paper was used to sandwich the
sheet. The sheet and the blotting papers were hydraulic pressed at 345 kPa (50 psig), and
the sheet was carefully removed and dried in the drying ring. The weight of the dry sheet
was divided by its area to calculate the basis weight.
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Figure 3-4 Image of the Brightness Tester
The brightness of the hand-sheets was measured according to the TAPPI method
T452. The brightness tester [Figure 3-3] Color Touch X, manufactured by Technidyne
Corporation, was used during the measurement. The instrument was set on 45°
illumination and 0° viewing geometry and measured the directional reflectance factor at
457 nm of the sheet. The sheet was loaded on the pad and pressed by the 1-Kg backing
weight. The start button was pressed to measure the brightness.
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Figure 3-5 Image of the Tensile Tester
The tensile index of the hand-sheets was measured according to the TAPPI
method T494. The Instron tensile tester 5965 [Figure 3-4], manufactured by Instron
Corporation, was used to measure the tensile. The hand-sheets were cut in 2.54 cm (1
inch) strips and the strips were clamped between the jaws of the of the tester. The start
button was pressed and the tester stretched the strip until it broke. The tensile result
displayed by the tester was recorded and divided by the basis- weight of the sheet to
determine the tensile index. The tensile index is reported in Nm/g.
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CHAPTER IV
RESULTS AND DISCUSSIONS
The freeness, the brightness and the tensile index data are normal [Appendix 2].
The following P-values table, the regressions equations, the main effects plots, the
interaction plots and the contour plots, were respectively used to determine the
significance of the factors [Table 1]and the best conditions to improve the freeness, the
brightness and the tensile index responses.
•

P-Values

Freeness
Brightness
Tensile Index
Factors
P-Values
P-Values
P-Values
Dosage
< 0.001
0.719
< 0.001
Time
< 0.001
0.726
< 0.001
Temperature
< 0.001
0.097
< 0.001
Dosage*Time
< 0.001
0.694
< 0.001
Dosage*Temperature
0.001
0.644
0.002
Time*Temperature
0.002
0.554
Table 4-1. P-Values of Freeness vs Brightness vs Tensile Index

The Table 4-1 shows the p-values for each factor vs each response; the p-values
of the interactions between the factors are also shown. All the factors and their
interactions are significant for the freeness as the p-values are less than 0.05. In the
contrary, all the factors and their interactions are not significant for the brightness as the
p-values are greater than 0.05. Lastly, for the tensile index, all the factors and their
interactions are significant as the p-values are less than 0.05 except the interaction
Time*Temperature.
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•

Regressions
Three regression equations are generated from the experiment data. The equations

are used to determine the predicted freeness, brightness and tensile index based on the
mill conditions.
The freeness regression equation:
Freeness = 218.2 + 0.0886Dosage + 0.761Time + 10.741Temperature 0.000063Dosage*Dosage - 0.00424Time*Time -0.10647Temperature*Temperature +
0.003000Dosage*Time - 0.002417Dosage*Temperature - 0.02111Time*Temperature

The brightness regression equation:
Brightness = 82.615 + 0.00111Dosage + 0.0041Time - 0.0167Temperature 0.000001Dosage*Dosage - 0.000081Time*Time + 0.000107Temperature*Temperature 0.000007Dosage*Time - 0.000013Dosage*Temperature + 0.000162Time*Temperature

The tensile index regression equation:
Tensile Index = - 2.09 + 0.02090Dosage - 0.0512Time + 1.779Temperature 0.01886Temperature*Temperature + 0.000486Dosage*Time 0.000559Dosage*Temperature

The main objective is to keep the tensile index greater or equal to 42.2 Nm/g. The
average pulp temperature is 40.8 ℃ and there is an estimation of 45 minutes for the pulp
to be at the headbox from the enzyme injection point. The calculated dosage, using the
tensile index regression model generated by Minitab, is 273.2 mg/kg oven dry pulp. The
expected freeness and brightness for the 273.2 mg/kg at 41.8 ℃ for 45 minutes are
respectively 496 ml and 82.4 using the freeness and the brightness equations.
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•

Main effects and interaction plots

Figure 4-1. Main Effects and Interaction Plots of the Freeness
The main effects plot shows that the dosage has the most significant effect on the
freeness followed by the time. When observing the interaction plot, one can deducts that
the overall mean of the freeness is high when the dosage, time and temperature are at
high.

Figure 4-2. Main Effects and Interaction Plots of the Brightness
The main effects plot of the brightness shows that the temperature has the most
significant effect. The interaction plot does not show significant improvement as all the
changes occur between 82.30 and 82.55.
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Figure 4-3. Main Effects and Interaction Plots of the Tensile Index
Referring to the main effects plot of the tensile index, the dosage has the most
significant effect on the freeness followed by the time; the temperature can improve the
tensile index but an excessive temperature could reverse the improvement. The
interaction plot shows that the overall mean of the tensile index is high when the dosage
and time are at highest.
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•

Contour Plots

Figure 4-4. Contour Plot of Freeness vs Time, Dosage

Figure 4-5. Contour Plot of Freeness vs Temperature, Dosage

Figure 4-6. Contour Plot of Freeness vs Temperature, Time

The freeness increases when the temperature is held at 40.8 ℃ and both dosage
and time increase [Figure 4-4]. The freeness increases, reaches a peak and decreases
when the time is held at 45 minutes and both dosage and temperature increase [Figure 45]; similar profile is seen when the dosage is held at 273.2 mg/Kg and the time and the
temperature increase [Figure 4-6]. Overall, the enzymes increase the freeness in a limited
range, but an excessive use of the enzymes could reverse the freeness improvement.
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Figure 4-7. Contour Plot of Brightness vs Time, Dosage

Figure 4-8. Contour Plot of Brightness vs Temperature, Dosage

Figure 4-9. Contour Plot of Brightness vs Temperature, Time

The figure 4-7 shows the change in the brightness when the temperature is held at
40.8 ℃ and the time and the dosage increase; the figure 4-8 shows the change in the
brightness when the time is held at 45 minutes and the temperature and the dosage
increase. The Figure 4-9 shows the change in brightness when the dosage is held 273.2
mg/Kg and the temperature and the time increase. One can deduct from the figures 4-7,
4-8 and 4-9 that the brightness contour plots do not show significant change; the overall
change lies between 82.30 to 82.55. The effect of the enzymes on the brightness appears
not to be significant.
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Figure 4-10. Contour Plot of

Figure 4-11. Contour Plot of

Tensile Index vs Time, Dosage

Tensile Index vs Temperature, Dosage

Figure 4-12. Contour Plot of Tensile Index vs Temperature, Time

Referring to the contour plots of the tensile index [Figure 4-10], the tensile
increases as the time and dosage increase when the temperature is held at 40.8 ℃. When
the time is held at 45 minutes and both the dosage and the temperature increase, the
tensile also increases [Figure 4-11]; however, the tensile reaches a peak and start
decreasing. Similar profile is found when the dosage is held at 273.2 mg/Kg and both the
time and the temperature increase [Figure 4-12]. Like the freeness, the enzymes increase
the tensile in a limited range, but an excessive use could reverse the improvement.
Comparing the freeness and the tensile contour plots, it appears that the change or the
improvement occurs faster for the tensile than the freeness.
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•

Model Verification by Real Industrial Process

Figure 4-13. Illustration showing the injection point of the enzyme.
The Figure 4-13 shows the injection point of the enzyme into the the papermaking
process. The consistency of the pulp in the storage tanks is 4%; the flow from the storage
tanks to the machines’ chest is 300 gpm. The system is automated so the enzymes applied
is 273.2 mg/kg oven dry pulp.
Referring to the central composite design model, a dosage of 273.2 mg/kg at an
average temperature of 40.8 ℃ for 45 minutes should give a tensile index of 42.2 Nm/g
and a freeness of 496 ml. The actual results were 44.7 Nm/g (5.2 % error) and 481ml
(3.1% error) respectively for the tensile and the freeness. The average brightness is 82.2
and the expected value is 82.4. The historical values are 38.5 Nm/g, 463 ml and 82.4. The
overall tensile increase is 16.1% and the freeness increase is 3.9%. The Table 4-2
summarizes the results:
Historical
Results

Lab
Results

Mill
Results

Standard
Deviation

Percent
Improvement

Tensile index
(Nm/g)

38.5

42.2

44.7

1.76

+16.1%

Freeness (ml)

463

496

481

9.16

+3.90%

Brightness

82.4

82.4

82.2

0.61

-0.24%

Table 4-2. Historical vs Actual Results
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The increase in the tensile above the predicted value is mainly due to traces of
materials in the mill water. In the laboratory experiment, deionized water was used but
the dilution is done in the mill with water that contains traces of fines, starch, filler,
monosaccharides, disaccharides, fibers [90,91]. It will not be cost-effective to purify the
mill water as deionized water and use it on the paper machine. The fibers orientation and
the residual chemicals on the paper machine could also be another source of difference
between the predicted and the actual tensile results. Another reason for the tensile
increase could be the press section of the paper machine; the press section assists water
removal from the wet web and improves inter fiber bonding by increasing the fiber-tofiber contact [26,58]. The pressure of the web at the press section on the machine is
obviously higher than the manual pressure using the TAPPI T 205.
Although the residuals materials in the mill water contribute to the increase of the
tensile, the drainage on the contrary is reduced. Damages to the fibers as short fibers or
fines during the pulping operation reduce the pulp freeness [92]. The mill water
obviously contains fines, filler and residual chemicals [90,91]. These are some of the
reasons why the freeness 481 ml was below the expected value 496 ml but above the
historical value 463 ml. Overall, there is a slight improvement of the freeness (3.9%) and
the use of the enzymes will not cause a negative impact on the paper machine runnability.
There was no significant difference between the predicted brightness and the
actual brightness (82.2 vs 82.4). The enzymes used in this study is probably not designed
to remove residual lignin or remove residual contaminants from the pulp [92,93]. This
outcome was expected referring to the p-values in the Table 4-1.
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The results from this study were also compared to other findings from different
authors; the data are summarized in the Table 4-3:
Enzyme

Tensile Index
Freeness
Authors
Improvement Improvement
(%)
(%)
Cellulase (complex)
+15.0
Jain and Jain (2021) [94]
Cellulase and Xylanase
+14.54
+18.3
Kumar and Dutt (2021) [95]
Cellulase (complex)
+14.7-17.4**
+11.1
Tripathi et Al (2018) [96]
Endoglucanase
+25.2
Huang et Al (2010) [76]
Cellulast 1.5L
+34.4
+80
Gil (2009) [76]
Viscozyme L
+43.4
-36
Gil (2009) [76]
Table 4-3. Tensile and Freeness Data Comparison
** Tensile index not reported; breaking length reported instead (the breaking length is
the length of paper strip, if suspended vertically from one end, would break by its own
weight.)
Overall, enzymes can be used to improve the property of the pulp and paper. The
tensile improvement ranges from 15% to 43% while the freeness varies between -36% to
18%. The results from this study, 16.1% for the tensile index and the 3.9% for the
freeness, are within these ranges and are acceptable based on the need of the paper mill;
the tensile improvement reduced the sheet breaks more than 50% which is acceptable for
the mill. Other improvement such as the paper machine rolls and doctor blades
maintenance, the overall web tension adjustment and the personal training could further
reduce the sheet breaks.

53

CHAPTER V
CONCLUSION
Paper makers face many sheet breaks challenges on the paper machine when
using recycled fiber. The time used to rethread the machine after the web breaks makes
the process inefficient. As paper makers are under the pressure of the environmentalists
to reduce the virgin fiber production, efforts are needed to improve the reusability of the
recycled fiber.
The recycled fiber is already weak due to previous refining; the refining process
not only collapses, delaminates and fibrillates the fiber but also shortens, curls, and
cracks the fiber. A better way to re-refine the recovered fiber is to use a smooth approach
that encourages the sustainability and the circular economy. Enzymes are proven to be a
good candidate to improve the quality of the recycled pulp and paper. Determining the
right dosage of enzymes and the right conditions in which the enzymes need to be
charged are critical for the quality of the web.
A central composite design model, using dosage, time and temperature as factors
is used to determine the amount and the conditions in which cellulases can improve the
sheet strength on the paper machine. The enzymes fibrillate the surface of the fibers and
also produce short polysaccharides chains; as a result of these modifications, the
hydrogen bonding sites increase and the sheet tensile increases. The freeness of the pulp
and the brightness of the sheet are also studied. The tensile of the sheet and the freeness
of the pulp improve respectively by 16.1% and 3.9% compared to the historical values.
The effect of the enzymes on the brightness is not significant as predicted by the model.
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The surface modification of the fibers by the enzymes not only improves the
fibers properties but also makes the fibers more sustainable. The enzymatic approach can
ultimately increase the sheet tensile with less damage to the fibers; this approach
promotes better recyclability and reusability, and is beneficial for the circular economy.
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CHAPTER VI
RECOMMENDATIONS
Mechanical reefing is traditionally used to improve the fiber structures for better
strong “kraft” paper. It is traditionally known that the degree of recycling of the fiber is
five to seven times [26, 66]. This study proves that enzymes can be used to improve the
fiber properties as well, but the degree of recycling of the enzymatic refined fiber is not
known. If the goal of the circular economy is to reused the raw material as many times as
possible, more investigations are needed to determine which refining mechanism
conserves longer the fiber.
The work of Kouko et al. [65] shows that the virgin fiber loses about 24% of its
strength after the first refining. More study needs to be done to determine if the fiber
strength loss is linear as the degree of recycling increase or it will reach a plateau after
certain number of cycles.
Finally, the enzymatic approach to improve the tensile, freeness and the
brightness can be seen as a cheaper approach compared to the mechanical approach.
More investigations need to be done on how the enzymes are made and are used. They
enzymes production and consumption may seem cheap or efficient but their effects on
health, safety, environmental and global warming standpoints are needed.
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APPENDIX
•

Appendix-1

Central Composite Design
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Appendix-2

Probability Plot of Freeness, Brightness and Tensile

58

LITERATURE CITED
1-Roisum, D. R. (1990). Runnability-Runnability of paper Part 1: predicting runnability.
2-Schmied, F. J., Teichert, C., Kappel, L., Hirn, U., Bauer, W., & Schennach, R. (2013).
What holds paper together: Nanometre scale exploration of bonding between paper
fibres. Scientific Reports, 3. https://doi.org/10.1038/srep02432
3-Hirn, U., & Schennach, R. (2018). Fiber-ﬁber Bond Formation and Failure:
Mechanisms and Analytical Techniques: BioResources. BioResoources.
https://bioresources.cnr.ncsu.edu/resources/fiber-%EF%AC%81ber-bond-formation-andfailure-mechanisms-and-analytical-techniques/
4-Gharehkhani, S., Sadeghinezhad, E., Kaz, i S., Yarmand, H., Badarudin, A., Safei, M.,
& Zubir, M. (2015). Basic effects of pulp refining on fiber properties-A Review.
Carbohydrate Polymers.
5-Mandlez, D., Zangl-Jagiello, L., Eckhart, R., & Bauer, W. (2020). Softwood kraft pulp
fines: application and impact on specific refining energy and strength properties.
Cellulose, 27(17), 10359–10367. https://doi.org/10.1007/S10570-020-03467-1
6-Lumiainen, J. J. (n.d.). Recycled Refining: Refini ag. recycled fibers: advantages and
disadvantages.
7-McCrady, E. (1997). Papermaking Facts. Abbey Publications.
https://cool.culturalheritage.org/byorg/abbey/ap/ap10/ap10-4/ap10-405.html
8-Zuccaro, G., Pirozzi, D., & Yousuf, A. (2019). Lignocellulosic biomass to biodiesel.
Lignocellulosic Biomass to Liquid Biofuels, 127–167. https://doi.org/10.1016/B978-012-815936-1.00004-6
9-Efrati, Z., Talaeipour, M., Khakifirouz, A., & Bazyar, B. (2013). Impact of Cellulase
Enzyme Treatment on Strength, Morphology and Crystallinity of Deinked Pulp.
Cellulose Chemistry and Technology, Cellulose Chem. Technol, 47(8), 547–551.
10-Esteghlalian, A. R., Mansfield, S. D., & Saddler, J. N. (2002). Cellulases: Agents for
Fiber Modification or Bioconversion? The effect of substrate accessibility on cellulose
enzymatic hydrolyzability. Progress in Biotechnology, 21(C), 21–36.
https://doi.org/10.1016/S0921-0423(02)80005-3
11-Seghini, M. C., Tirillò, J., Bracciale, M. P., Touchard, F., Chocinski-Arnault, L.,
Zuorro, A., Lavecchia, R., & Sarasini, F. (2020). Surface Modification of Flax Yarns by
Enzymatic Treatment and Their Interfacial Adhesion with Thermoset Matrices. Applied
Sciences (Switzerland), 10(8). https://doi.org/10.3390/APP10082910
12-Bajpai, P. (2018). Refining and Pulp Characterization. Biermann’s Handbook of Pulp
and Paper, 1–34. https://doi.org/10.1016/B978-0-12-814238-7.00001-5

59

13-Azmi, N. S., & Dr.Him, R. N. (2016). Comparative Evaluation of Esterase and
Cellulase Enzymatic Deinking Towards Laser Printed Paper Comparative Evaluation of
Esterase and Cellulase Enzymatic Deinking Towards Laser Printed Paper.
https://www.researchgate.net/publication/306285559_Comparative_Evaluation_of_Ester
ase_and_Cellulase_Enzymatic_Deinking_Towards_Laser_Pr
14-Kumar, N. V., & Mary, E. R. (2019). Microbial enzymes in paper and pulp industries
for bioleaching application. Research Trends of Microbiology.
https://www.researchgate.net/publication/334085069_Microbial_enzymes_in_paper_and
_pulp_industries_for_bioleaching_application_MedDocs_eBooks
15-What Is Cellulase Enzyme? Uses Of Cellulases in Paper and Pulp Industry. (2020).
Infinita Biotech Private Limited. https://infinitabiotech.com/blog/uses-of-cellulaseenzyme-in-paper-and-pulp-industry/
16-Kenealy, W. R., & Jeffries, T. W. (2003). Enzyme processes for pulp and paper: a
review of recent developments. Wood Deterioration and Preservation: Advances in Our
Changing World. Washington, DC: American Chemical Society: Distributed by Oxford
University Press, 2003. ACS Symposium Series; 845: Pages 210-239.
17-Pere, J., Siika-aho, M., Buchert, J., & Viikari, L. (1995). Effects of purified
Trichoderma reesei cellulases on the fiber properties of kraft pulp.
18-Kamaya, Y. (1996). Role of Endoglucanase in Enzymatic Modification of Bleached
Kraft Pulp. In JOURNAL OF FERMENTATION AND BIOENGINEERING (Vol. 82,
Issue 6).
19-Kumar, A., Ram, C., & Tazeb, A. (2021). Enzyme-assisted pulp refining: an energy
saving approach. Physical Sciences Reviews, 6(2). https://doi.org/10.1515/PSR-20190046
20-Britt, K. W. (2020). Papermaking-Process, History, & Facts. Britannica.
https://www.britannica.com/technology/papermaking
21-The History of Paper. (1997). Silkroad Foundation.
http://www.silkroadfoundation.org/artl/papermaking.shtml
22-The History of Paper. (2021, July 9). American Forest and Paper Association.
https://www.afandpa.org/news/2021/history-paper
23-CLAPPERTON, R. H. (1967). The First Paper-Making Machine. The Paper-Making
Machine, 15–23. https://doi.org/10.1016/B978-0-08-001975-8.50006-0
24-Pulp and Paper Production - The Kraft Process Overview. (2021). Chemical
Engineering Guide. https://chemicalengineeringguide.com/pulp-and-paper-productionthe-kraft-process-overview.html

60

25-EPA-600/2: Issue 79 by - Books on Google Play. (n.d.). Retrieved November 1, 2021,
from https://play.google.com/store/books/details?id=PDNPAAAAYAAJ&rdid=bookPDNPAAAAYAAJ&rdot=1
26-Smook, G. A. (2002). Handbook for pulp & paper technologists (3rd Edition). 425.
27-Tran, H., & Vakkilainnen, E. K. (2016). The Kraft Chemical Recovery Process.
TAPPI Journal.
28-CHEMICAL PULPING AND MECHANICAL PULPING PROCESS. (2017).
CNBM. https://paper-pulper.com/two-main-types-pulping-processes/
29-Park, J. M. (2012). Paper and paperboard packaging. Handbook of Food Science,
Technology, and Engineering - 4 Volume Set, 178–239.
https://doi.org/10.1533/9780857095701.2.178
30-Nondurable Goods: Product-Specific Data. (n.d.). US EPA. Retrieved November 1,
2021, from https://www.epa.gov/facts-and-figures-about-materials-waste-andrecycling/nondurable-goods-product-specific-data
31-Warwick, D. (2016, May 16). Why Paper Is the Environment’s Worst Enemy.
EFileCabinet. https://www.efilecabinet.com/paper-environments-worst-enemy/
32-Facts About Paper: How Paper Affects the Environment. (2021, June 3). Toner Buzz.
https://www.tonerbuzz.com/facts-about-paper/
33-Tiseo, I. (2021, October 19). Paper and cardboard production top countries 2018.
Statista. https://www.statista.com/statistics/240598/production-of-paper-and-cardboardin-selected-countries/
34-World’s Largest Paper Manufacturing Companies [2021]. (2021, June 4). World
Paper Mill. https://worldpapermill.com/largest-paper-manufacturing-companies/
35-Ince, B. K., Cetecioglu, Z., & Ince, O. (2011). Pollution Prevention in the Pulp and
Paper Industries. Environmental Management in Practice. https://doi.org/10.5772/23709
36-Olds, M. (2020, October 31). Deforestation causing biodiversity loss and climate
change. https://storymaps.arcgis.com/stories/668b5e9e4286430db755cb97db2b51c1
37-Mirabelli, M. C., & Wing, S. (2006). Proximity to pulp and paper mills and wheezing
symptoms among adolescents in North Carolina. Environmental Research, 102(1), 96.
https://doi.org/10.1016/J.ENVRES.2005.12.004
38-Langberg, H. A., Arp, H. P. H., Breedveld, G. D., Slinde, G. A., Høiseter, Å.,
Grønning, H. M., Jartun, M., Rundberget, T., Jenssen, B. M., & Hale, S. E. (2021). Paper
product production identified as the main source of per- and polyfluoroalkyl substances
(PFAS) in a Norwegian lake: Source and historic emission tracking. Environmental
Pollution, 273, 116259. https://doi.org/10.1016/J.ENVPOL.2020.116259

61

39-Singh, P., Srivastava, N., Jagadish, R., & Upadhyay, A. (2019). Effect of Toxic
Pollutants from Pulp & Paper Mill on Water and Soil Quality and its Remediation.
International Journal of Lakes and Rivers, 12(1), 1–20. http://www.ripublication.com
40-Ahmed, S., Hall, A. M., & Ahmed, S. F. (2018). Biodegradation of Different Types of
Paper in a Compost Environment. International Conference on Natural Sciences and
Technology. http://ilab-australia.org/26
41-Leblanc, R. (2021, January 16). How Long Does It Take Garbage to Decompose? The
Balance Small Business. https://www.thebalancesmb.com/how-long-does-it-takegarbage-to-decompose-2878033
42-Why tiny plastics in compost could cause BIG problems, and what you CAN DO.
(2016). Eco-Cycle.
http://ecocycle.org/bestrawfree/index.php?option=com_content&view=article&id=288&I
temid=369
43-Can You Recycle Glossy Paper? (2021). Conserve Energy Future-Be Green-Stay
Green. https://www.conserve-energy-future.com/can-you-recycle-glossy-paper.php
44-Environmental Benefits of Recycling and Composting. (2018). Eureka Recycling.
www.eurekarecycling.org
45-Understanding Global Warming Potentials. (n.d.). US EPA. Retrieved November 1,
2021, from https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
46-Bruggers, J., Mckenna, P., Green, A., & Benincasa, R. (2021, July 13). Your Trash Is
Emitting Methane In The Landfill. Here’s Why It Matters for The Climate. NPR.
https://www.npr.org/2021/07/13/1012218119/epa-struggles-to-track-methane-fromlandfills-heres-why-it-matters-for-the-clima
47-US EPA, O. O. of R. C. and R. (2016b). Environmental Factoids.
48-Davis, R., & Jones, J. (n.d.). Recycling Facts. MIT Department of Facilities Sustainability. Retrieved November 1, 2021, from
https://web.mit.edu/facilities/environmental/recyc-facts.html
49-American Disposal Services. (2019, November 19). A Brief History of Recycling —
Northeast Recycling Council. Northeast Recycling Council. https://nerc.org/news-andupdates/blog/nerc-blog/2019/11/19/a-brief-history-of-recycling
50-West, L. (2020, December 23). What Are the Benefits of Paper Recycling?
TreeHugger - Sustainability for All. https://www.treehugger.com/the-benefits-of-paperrecycling-1204139
51-Cooley, A. (2020, June 16). A Brief Timeline of The History of Recycling | Busch
Systems Blog. Busch Systems. https://www.buschsystems.com/blog/news/a-brieftimeline-of-the-history-of-recycling-2/
62

52-Jamie. (2021, March 24). The Ban from China That is Ending Recycling As We
Know It. Rethink Disposable-Stop Waste Before It Start.
https://rethinkdisposable.org/ban-china-ending-recycling-we-know-it
53-Tiseo, I. (2020, August 2). U.S. paper recycling rates 1990-2020. Statista.
https://www.statista.com/statistics/278254/total-us-paper-and-paperboard-recovery-rate/
54-Feber, D., Granskog, A., & Lingqvist, O. (2020, October 21). How US consumers
view sustainability in packaging. McKinsey &Company.
https://www.mckinsey.com/industries/paper-forest-products-and-packaging/ourinsights/sustainability-in-packaging-inside-the-minds-of-us-consumers
55-Kaye, L. (2011, June 14). Smart companies consider cradle-to-cradle systems. The
Guardian. https://www.theguardian.com/sustainable-business/businesses-waste-resourcecradle-to-cradle
56-Starmans, E. (2013, November 20). Cradle to Cradle® beyond recycling! C2CCentre. http://www.c2c-centre.com/news/blog-cradle-cradle%C2%AE-beyond-recycling
57-Valmet’s paper business running at high speed. (2021). Valmet-Forward.
https://www.valmet.com/investors/investor-relations/ir-directors-blog/site-visit-tojyvaskyla-2018/
58-Paper Making 101: Inside Our Paper-Making Process. (2016, August 22). DOMTAR
Newsroom. https://newsroom.domtar.com/paper-making-101-inside-paper-makingprocess/
59-Małachowska, E., Dubowik, M., Lipkiewicz, A., Przybysz, K., & Przybysz, P. (2020).
Analysis of cellulose pulp characteristics and processing parameters for efficient paper
production. Sustainability (Switzerland), 12(17). https://doi.org/10.3390/su12177219
60-Harirforoush, R. (2018). The potential use of bar force sensor measurements for
control in low consistency refining. Undefined.
61-Fischer, W. J., Mayr, M., Spirk, S., Reishofer, D., Jagiello, L. A., Schmiedt, R.,
Colson, J., Zankel, A., & Bauer, W. (2017). Pulp fines-characterization, sheet formation,
and comparison to microfibrillated cellulose. Polymers, 9(8).
https://doi.org/10.3390/polym9080366
62-Hawes, J. M., & Doshi, M. R. (1986). The Contribution of Different types of Fines to
the Properties of Handsheets Made from Recycled Paper the Contribution of Different
Types of Fines to the Properties of Handsheets Made from Recycled Paper
63-Pulp freeness tester | pulp paper mill. (2014, August 27). Pulp Paper Mill.
http://www.pulppapermill.com/pulp-freeness-tester/
64-Kouko, J., Turpeinen, T., Kulachenko, A., Hirn, U., & Retulainen, E. (2020).
Understanding Extensibility of Paper: Role of Fiber Elongation and Fiber Bonding. Tappi
Journal, 19(March), 125–135. https://doi.org/10.32964/TJ19.3.125
63

65-US EPA, O. O. of R. C. and R. (2016a). Frequent Questions | Paper Recycling. US
EPA.
66-Robertson, L. (2011). Microbes in the Papermachine Environment. PaperCon, 2311.
www.iMicrobial.com
67-Campbell, C. (2015, September 16). Grade specific optimisation: Permanent (PAE)
versus temporary (GPAM) wet strength utilisation. Tissue World Magazine.
https://www.tissueworldmagazine.com/technical-theme/grade-specific-optimisationpermanent-pae-versus-temporary-gpam-wet-strength-utilisation/
68-Gilligan, J. (2021, April 15). What Do Publishers Need to Know About Paper Basis
Weights? Walsworth. https://www.walsworth.com/blog/what-do-publishers-need-toknow-about-paper-basis-weights
69-Recycled paper prices continue uptick as plastic levels off. (2021, September 14).
Resource Recycling. https://resource-recycling.com/recycling/2021/09/14/recycledpaper-prices-continue-uptick-as-plastic-levels-off/
70-Kimtech® ScienceTM KimwipesTM Delicate Task Wipers. (n.d.). Product Finder.
Retrieved November 1, 2021, from
https://www.kcprofessional.com.au/products/wipers/special-task-wipers/kimtech-sciencewipers/34120-kimtech-science-kimwipes-delicate-task-wipers
71-Boraston, A., & Abbott, D. (2007). Biochemistry of Glycoconjugate Glycans;
Carbohydrate-Mediated Interactions. https://www.sciencedirect.com/topics/biochemistrygenetics-and-molecular-biology/carbohydrate-binding-module
72-Arantes, V., & Saddler, J. N. (2010). Access to cellulose limits the efficiency of
enzymatic hydrolysis: the role of amorphogenesis. Biotechnology for Biofuels 2010 3:1,
3(1), 1–11. https://doi.org/10.1186/1754-6834-3-4
73-Carrard, G., Koivula, A., Söderlund, H., & Béguin, P. (2000). Cellulose-binding
domains promote hydrolysis of different sites on crystalline cellulose. Proceedings of the
National Academy of Sciences of the United States of America, 97(19), 10342.
https://doi.org/10.1073/PNAS.160216697
74-Ruiz, D. M., Turowski, V. R., & Murakami, M. T. (2016). Effects of the linker region
on the structure and function of modular GH5 cellulases. Scientific Reports, 6.
https://doi.org/10.1038/srep28504
75-Jayasekara, S., & Ratnayake, R. (2019). Microbial Cellulases: An Overview and
Applications. Cellulose. https://doi.org/10.5772/INTECHOPEN.84531
76-Barcelos, C. A., & Pereira, N. (2015). Enzymes and Accessory Proteins involved in
the Hydrolysis of Lignocellulosic Biomass for Bioethanol Production Bioproduction of
xylitol View project Doctorate thesis View project.
https://doi.org/10.13140/RG.2.1.3557.3527
64

77-Shuler, M. L., Kargi, F., & DeLisa, M. (2017). Bioprocess Engineering: Basic
Concepts, Third Edition.
78-Ernest, Z. (2014, December 4). How does an enzyme lower the activation energy?
Socratic. https://socratic.org/questions/how-does-an-enzyme-lower-the-activation-energy
79-18.6: Enzyme Activity. (2021, July 31). Chemistry LibreTexts.
https://chem.libretexts.org/Bookshelves/Introductory_Chemistry/The_Basics_of_GOB_C
hemistry_(Ball_et_al.)/18%3A_Amino_Acids_Proteins_and_Enzymes/18.06%3A_Enzy
me_Activity
80-Liu, X., Luo, Y., & Li, Z. (2012). Effects of pH, temperature, enzyme-to-substrate
ratio and reaction time on the antigenicity of casein hydrolysates prepared by papain.
Http://Dx.Doi.Org/10.1080/09540105.2011.604770, 23(1), 69–82.
https://doi.org/10.1080/09540105.2011.604770
81-Effect of temperature, substrate concentration and pH on reaction rate. (2021). BBC
Bitesize. https://www.bbc.co.uk/bitesize/guides/z88hcj6/revision/2
82-Enzymes review (article). (2021). Khan Academy.
https://www.khanacademy.org/science/ap-biology/cellular-energetics/environmentalimpacts-on-enzyme-function/a/hs-enzymes-review
83-Graw, M. (2018, April 5). What Are the Effects of Boiling & Freezing on Enzyme
Activity? Sciencing. https://sciencing.com/effects-boiling-freezing-enzyme-activity23207.html
84-Kirk, T. K., & Jeffries, T. W. (1996). Roles for Microbial Enzymes in Pulp and Paper
Processing. https://pubs.acs.org/sharingguidelines
85-Tripathi, S., Sharma Nirmal, Mishra Om P, Bajpai Pratima, & Bajpai, P. K. (2008).
Enzymatic Refining of Chemical Pulp.
86-Torres, C. E., Negro, C., Fuente, E., & Blanco, A. (2012). Enzymatic approaches in
paper industry for pulp refining and biofilm control. Proquest, 96(2).
87-Lecourt, M., Sacon, V. M., Meyer, V., & Petit-Conil, M. (2010). Bio-refining of
eucalyptus pulps to save electrical energy or improve pulp quality.
88-Jeffries, T. W., Patel, R. N., Sykes, M. S., & Klungness, J. (1992). Enzymatic
Solutions to Enhance Bonding, Bleaching and Contaminant Removal, MRS Proceedings,
266. https://doi.org/10.1557/PROC-266-277
89-Alarcón, F., Cortés-Pellicer, P., Pérez-Perales, D., & Sanchis, R. (2020).
Sustainability vs. Circular Economy from a Disposition Decision Perspective: A Proposal
of a Methodology and an Applied Example in SMEs. Sustainability 2020, Vol. 12, Page
10109, 12(23), 10109. https://doi.org/10.3390/SU122310109

65

90-Alexandersson, T. (2003). Water Reuse in Paper Mills - Measurements and Control
Problems in Biological Treatment. Undefined.
91-Strand, A., Sundberg, A., Retulainen, E., Salminen, K., Oksanen, A., Kouko, J.,
Ketola, A., Khakalo, A., & Rojas, O. (2017). The effect of chemical additives on the
strength, stiffness and elongation potential of paper. Nordic Pulp & Paper Research
Journal, 32(3), 324–335. https://doi.org/10.3183/NPPRJ-2017-32-03-P324-335
92-Hubbe, M. A. (1999). Difficult Furnishes, 1999 Papermakers Conference
Proceedings. TAPPI Journal.
https://imisrise.tappi.org/TAPPI/Products/PM/PM991353.aspx
93-Holm, T. (2018). Bleaching Enzymes – Back from the Drawing Board. Paper360.
https://paper360.tappi.org/2018/06/26/bleaching-enzymes-back-from-the-drawing-board/
94-Jain, S. K., & Jain, R. K. (2021). Development of High Strength Towel Paper.
International Journal of Science and Research, 10.
https://doi.org/10.21275/SR21525170011
95-Kumar, A., & Dutt, D. (2021). A comparative study of conventional chemical
deinking and environment-friendly bio-deinking of mixed office wastepaper. Scientific
African, 12, e00793. https://doi.org/10.1016/J.SCIAF.2021.E00793
96-Tripathi, S., Verma, P., Mishra, O. P., Sharma, N., Bhardwaj, N. K., & Tandon, R.
(2019). Reduction in Refining Energy and Improvement in Pulp Freeness through
Enzymatic Treatment-Lab and Plant Scale Studies. In Journal of Scientific & Industrial
Research (Vol. 78).

66

